Charcoal is a valuable source of archaeological and palaeoenvironmental proxy data. 33
by cutting into 1cm 3 cubes before conversion to charcoal in a controlled-atmosphere 143 rotary furnace (Carbolite ™). The furnace was continuously purged with nitrogen at a 144 constant metered flow rate of 7.0 l/min -1 and ramped at 10°C min -1 from room 145 temperature to four final temperatures between 300-600°C, representing a typical 146 range to which wood is heated in natural fires (e.g. Swift et al., 1993 ) and over which 147 major chemical changes are known to occur (Williams and Besler, 1996) . 148
Temperature was monitored via a thermocouple inserted into a cube of wood in the 149 furnace and the final temperature was held for 60 minutes, after which samples were 150 cooled to room temperature under N 2 . An aliquot of each charcoal was retained for 151 reflectance measurement. Charcoal was ground to <500µm and treated with 0.5M HCldrying at 40°C overnight. Analogue charcoal sample codes (Table 1) (Church et al., 2007) . In both cases, following final use of the pit, the basal fill 180 was covered with disturbed soil and turf, followed by ~500 years of natural soil 181 accumulation (Church et al., 2007 Imaging Microscope through a 50X lens without a polarizer. The excitation at 632 nm 248 was produced by a 25mw HeNe laser. Each measurement was made 8 times at 249 random locations on each charcoal pellet, and the maximum peak height and peak 250 position were determined and averaged. 251
252
TGA 253 Thermogravimetric analysis (TGA) was performed on the analogue charcoal prepared 255 at 300°C and 600°C and on environmental charcoal using a 'Thermal Analysis' SDT 256 Q600 TGA/DSC. Samples were heated at 50°C min -1 to 525°C under nitrogen to 257 facilitate removal of volatiles, and mass loss due to volatile decomposition was 258 calculated. Upon reaching 525°C, the samples were isothermally combusted in air for 259 20 minutes and carbon burnout profiles generated. Two quantitative measures of 260 reactivity were then taken; firstly a time until 90% carbon conversion and, secondly, 261 pseudo-first order kinetics were applied, between 5 and 95% carbon burnout, to allow 262 the calculation of a composite rate constant via: 263
Where α = (1-C/C 0 ) is the fractional weight conversion, C is the remaining carbon 265 The Ro mean of Fr char produced at 400°C and above is not significantly different after 296 oxidation for either species (Table 2) . Observable changes in mass after K 2 Cr 2 O 7 297 oxidations were only recorded in P-300 and M-300 (Table 2) , with respective mass 298 loss of 73% and 36%. High loss rates and physical sample breakdown during 299 oxidation meant reliable recovery of sufficient material for reflectance measurement 300
was not possible from P-300 and M-300. After oxidation, visible alteration was only 301 apparent in P-300, consisting of a lightening in colour of the outer sample surface. mangrove that is most apparent at 300°C, where mangrove charcoal contains 318 significantly less of these elements and hence appears more efficiently charred. 319
were compared with those of Fr char for an equivalent production temperature. For Env-322 1, the O/C and H/C ratios are consistent with those of equivalent Fr char . However in 323 the remainder of Env char the atomic ratios differ from that of equivalent Fr char . In Env-324 2 and Env-5 both H/C and O/C ratios are higher than equivalent (i.e. ~320-350°C) 325 analogue samples. In Env-3 and Env-4 the O/C atomic ratio is consistent with ~300°C 326 analogue samples, meaning the O/C atomic ratio is slightly higher than expected. For 327 these samples the H/C ratios are lower than that predicted for this temperature from 328 the Ro data, being more similar to the analogue charcoals produced at ~450°C. In 329 Env-6 although the H/C atomic ratio is consistent with those of equivalent (i.e. Raman peaks in spectra of P-600 and M-600 are more highly resolved, suggesting 349 greater chemical homogeneity compared P-300 and M-300 (Table 4 ). The presence of 350 a G peak indicates some organized graphitic microcrystallites are present in both 351 300°C and 600°C charcoal, however the narrower G peaks at lower frequencies (1584 352 cm -1 ) suggests a more highly ordered carbon structure in P-600 and M-600. The G 353 peak positions also suggest a slightly higher proportion of ordered carbon inthe samples, however these are considerably broader in the 300°C charcoals. 356
357
The presence of a G peak also indicates a proportion of organized carbon domains 358 within the Env char . Samples Env-1 and Env-6 closely resemble the 600°C Fr char , with 359 narrow G peaks at 1584 cm -1 . In contrast, the Raman spectra of Env-5 and Env-2 360 more closely resemble the 300°C analogue samples, with broad G peaks centred at 361 1590-1600 cm -1 (Table 4) . In these samples, the D peaks are also broader and 362 positioned at a higher frequency than that of Env-1 and Env-5. Overall, the degree of 363 structural order in the analogue and environmental samples can be broadly related to 364 proportionally to chemical stability. Charcoal with a higher proportion of non-376 aromatic structures has lower thermal stability, and is therefore expected to show i.) 377 higher mass loss during devolatilization, and ii.) decreased burnout times and 378 composite first order rate constants. 379
380
In Fr char the reactivity of pine charcoal is clearly higher than that of mangrove for both 381 300°C and 600°C charcoals (Table 5) , with similar time to 90% burnout in both M-382 300 and P-600 (7.4 versus 7.3 minutes, respectively). In both species there is a large 383 difference in volatile content between 300°C and 600°C charcoal, with ~30-50% low 384 thermal stability material in P-300 and M-300, compared to ~6% volatiles in P-600 385 and M-600, indicating much higher content of non-aromatic compounds in the 300°C 386 charcoal.
In Env char , Env-1 and Env-6 show high thermal stability, with burnout times and first 389 order rate constants similar to M-600. Volatile content in Env-1 is comparable to the 390 600°C analogue samples, however Env-6 contains ~20% volatile material. The 391 remaining four Env char samples are more reactive, generally intermediate between P-392 300 and P-600. In this group, Env-3 is the most thermally stable, and Env-4 the least, 393
and it appears that these samples contain a relatively high proportion of material in a 394 chemical form that is more susceptible to thermal degradation. we have no evidence of this. As it is not possible to use Ro mean measurements to 452 assess potential post-depositional alteration of charcoal assemblages, alternative 453 analytical methods are required to achieve this, as part of an integrated approach.
In the 300°C samples, where material does survive the K 2 Cr 2 O 7 treatment, it appears 456 not to have undergone major structural alteration at the macroscopic to cellular level 457 (Figures 2 and 3 ). This suggests that although a significant proportion of the 300°C 458 charcoal is readily oxidizable, these charcoals also contain a resistant component. It (see below). However, the concept that lower temperature charcoal samples are 472 subject to greater diagenetic degradation has implications that should be considered. If 473 a temperature is derived from Ro mean measurements of a suite of charcoal particles 474 that have been subject to significant oxidation, then a higher overall temperature may 475 be inferred that is the actual average for the particle group. This would be due to more 476 rapid degradation of the lower temperature charcoals, leaving only the charcoals 477 formed at higher temperatures. Therefore, it is important that where Ro mean 478 measurements indicate productions temperatures < 400 o C, the potential for diagenetic 479 alterations of the sample be carefully assessed, for the reasons highlighted above. If 480 such alteration is suspected, the methodological approaches employed in this study 481 TGA data shows higher reactivity in Env-4, which would be consistent with 522 production at a slightly lower temperature. All data are consistent with results of 523 analogue charcoal, apart from the atomic ratios. The slightly higher than predicted 524 O/C ratio indicates the possibility that oxygen has been added to the charcoal 525 structure. However, in these samples the H/C ratios are also significantly lower than 526 predicted for charcoal produced at ~350°C. In this instance, diagenetic alteration may 527 have involved dehydrogenation reactions, resulting in the loss of CH 2 and CH 3 groups 528 from aliphatic molecules that were incompletely converted to aromatic compounds 529 below 400°C. In the final two environmental samples, Env-2 and Env-5, Ro mean 530 measurements again suggest production at <400°C. Both the oxygen and hydrogen 531 content of these samples is somewhat higher than that predicted from equivalent 532 analogue charcoal, again suggesting that some diagenetic alteration has occurred. In 533 such samples, it is important to consider the possibility that this material represents 534 the highly degraded remains of an initially more pristine charcoal structure. However, 535 the organized carbon content, reactivities, and volatile content (34.10% and 41.13% of 536 dry, ash-free sample weight) of these charcoals are all comparable to that of the 537 300°C analogue charcoal, supporting the reliability of the Ro mean temperature 538
assessments. An additional consideration is that in these samples the non-aromatic 539 component may represent incompletely converted, and possibly diagenetically altered, 540 lignocellulosic components of the original plant material, or material derived from 541 exogeneous sources to the original plant, such as soil humic acids. In comparison to 542 charcoal, these materials contain a relatively high proportion of oxygen and hydrogen, 543 that may contribute to the observed O/C and H/C ratios in Env-2 and Env-5. 544
545

Implications for archaeological and palaeoenvironmental investigation 546 547
The concept of a continuum in degradation potential has important implications for 548 the use of charcoal within archaeological research. For example, diagenetic processes 549 can affect radiocarbon dating accuracy; at the early human occupation site of 550 Nauwalabila, post-depositional alteration of some charcoal was so severe that samples 551 did not reliably reflect the sediment deposition date (Bird, et al., 2002) . Additionally,accuracy of quantitative estimates of fire histories. The issue is greatly complicated by 554 the range in conditions of charcoal production that are likely to exist in most 555 instances, from settings such as domestic hearths to forest wildfires. Here, a gradient 556 in production temperature has the potential to produce charcoal with different 557 chemical characteristics that enters the depositional record at a single point in time. 558
The data also appear to indicate that deposition conditions play a key role in charcoal 559 alteration, as ancient samples such as Env-1 may show less apparent alteration than 560 younger samples exposed to a different set of environmental conditions, but which 561 were initially exposed to a comparable temperature range (e.g. Env-6). Important added value is provided from investigation integrating several 582 methodological approaches as a means of evaluating deliberate production of specific 583 charcoal types. For example, it is interesting to note that although Env-3 and Env-4 584 were produced in different locations, the charcoal is chemically very similar. This 585 suggests a consistency in production methodology and charcoal quality between theparticular site with regard for its intended purpose, an interpretation that is consistent 588 with archaeological data for this region (e.g. Church et al., 2007) . 589
591
The present study further emphasises that mean random reflectance under oil (Ro mean ) 592 of a charcoal sample is strongly positively correlated with the sample production 593 temperature. As Ro mean measurements are applicable for analysis of both ancient and 594 freshly-produced charcoal samples, the technique has important benefits for 595 archaeological and palaeoenvironmental investigations, as it provides quantitative 596 information on fire regime in both natural (e.g. wildfire) and anthropogenic (e.g. 597 domestic hearth) settings. In this study we use an integrated methodological approach 598 
